Activity-regulated, cytoskeleton-associated protein (Arc) was ®rst identi®ed as an immediate±early gene regulated by synaptic activity. We have studied its functional role in vivo using a gene-targeting approach. We found that Arc is encoded by a single exon, and Arc mRNA is ubiquitously expressed in early mouse embryos. Homozygous Arc mutants are severely growth-retarded, fail to gastrulate and subsequently die before day 8.5 of embryogenesis. Further analysis revealed severe disorganization of visceral endoderm formation, and total separation and ectopic location of embryonic and extraembryonic structure. These ®ndings demonstrate that Arc function is essential for early embryo development and patterning in mice, and support the hypothesis that signaling from visceral endoderm is essential for normal patterning of the extraembryonic and embryonic structure. q
Introduction
Activity-regulated, cytoskeleton-associated protein (Arc), also known as Arg3.1, was ®rst isolated from a cDNA library prepared from rat hippocampus using a differential cloning technique, based on rapid induction of gene expression in adult brain by excitatory activity (Link et al., 1995; Lyford et al., 1995) . The expression of Arc is upregulated during postnatal development in the brain and reaches peak level at postnatal day 21 in the rat, suggesting a role for Arc in activity-dependent development. Arc mRNA can also be rapidly induced in speci®c brain regions by physiological synaptic activity, presenting an immediate±early gene (IEG) response (Lyford et al., 1995) . Unlike most other IEGs, which are transcription factors, Arc seems to be an effector protein associated with the cytoskeleton. This has been demonstrated by cosedimentation of Arc with F-actin in vitro, and its similar cellular distribution with Factin in the subplasmalemmal cortex of the cell soma and dendrites in vivo. Besides, the primary amino acid sequence of Arc suggests that it possesses a spectrin-like domain, which may be important for protein-protein interactions (Wasenius et al., 1989) . Recently, Arc has been found to localize selectively near activated postsynaptic sites on dendrites (Steward et al., 1998) , suggesting that Arc plays a role in transducing signals that affect synaptic plasticity in the central nervous system.
Although Arc was ®rst isolated from brain and is expressed in the nervous system at relatively high levels, it is also expressed constitutively at low levels in other tissue, including kidney, stomach, liver, spleen, lung, muscle and heart (Link et al., 1995) . Arc expression can also be induced by several growth factors, such as nerve growth factor and epidermal growth factor in PC12 cells, and serum in Rat-6 ®broblasts (Link et al., 1995; Lyford et al., 1995) . In order to gain some insight into its functional role in vivo, we used a gene-targeting approach to generate Arc knock-out mice. Arc null mutants die before gastrulation and defects can be observed as early as egg cylinder stage, with severe growth retardation, tissue disorganization, improper visceral endoderm formation, and complete separation of extraembryonic and embryonic tissues. Whole-mount in situ hybridization revealed that Arc is ubiquitously expressed during early embryo development. These ®ndings demonstrate an important role for Arc in early embryogenesis, speci®cally in the proper formation of primary germ layers, and support the hypothesis that signals from visceral endoderm are essential for normal patterning of early embryos.
Results

Arc is encoded by a single exon
Two independent positive phage clones were identi®ed by screening a mouse genomic library using mouse Arc cDNA as a probe. The restriction map of one positive phage is shown in Fig. 1A . The genomic DNA fragment from the most upstream BamHI site to the XhoI site was sequenced from both strands. Sequence comparison between the mouse genomic DNA and rat cDNA (GenBank accession number U19866) shows 93% homology between the corresponding regions. The longest open reading frame in this genomic DNA is 96.5% homologous to the corresponding rat cDNA sequence and predicts a 396-amino-acid protein. At the amino acid level, the identity between the mouse and the rat protein is 98%. Therefore, Arc is encoded by a single exon.
Disruption of the Arc gene in ES cells by homologous recombination
Genomic DNA fragments from the positive phage clone were used to construct a targeting vector (Fig. 1B) for disruption of the Arc gene in ES cells. A 2.2 kb BamHI± BglII fragment, containing 1.6 kb of the upstream sequence and 634 bp of the exon, was replaced with a neomycinresistance cassette for positive selection. Since this replacement removes the translational initiator, ATG, and the sequence encoding about half of the Arc protein, a complete disruption of the gene is expected upon homologous recombination between the targeting vector and chromosomal DNA. A thymidine kinase cassette was also included in the targeting vector for negative selection (Mansour et al., 1988) .
The targeting vector was transfected into ES cells and cultured in double selection medium containing G418 and gancyclovir. Resistant colonies were selected, expanded and screened by Southern blot analysis using a 3 H external probe ( Fig. 1C ; data not shown). Three independent positive colonies were obtained after screening 72 ES cell colonies. Positive colonies were further con®rmed by Southern blot analysis using the 5 H external probe (data not shown).
The Arc mutation is recessive embryonic lethal
Germline transmission was obtained from one targeted ES colony. Chimeras were crossed to C57BL/6 or 129/Sv mice to derive mutant mice on hybrid or inbred genetic background, respectively. Mice heterozygous for the mutation were identi®ed by Southern blot analysis of tail DNA (Fig. 1C) . Arc heterozygous mutants appeared healthy and were approximately the same size as their wild-type littermates. Viability, to at least 1 year, and fecundity were also normal.
Heterozygous mice were intercrossed and progeny assayed by Southern blot or polymerase chain reaction (PCR) analysis of tail DNA on newborns (Fig. 1D , Table  1 ). Among 71 liveborn progeny derived from 13 litters analyzed, no homozygous pups were detected, indicating that homozygous embryos die before birth. The litter size of heterozygous intercrosses was also noticeably smaller than that from wild-type intercrosses. These results were pooled from F1 to F3 heterozygous intercrosses and include progeny from both hybrid and inbred genetic backgrounds. Therefore the lethality can be attributed to the targeted mutation.
To determine the stage at which mutant embryos die, embryos were collected from timed pregnancies and genotyped using a PCR assay. At embryonic day 6.5 to embryonic day 9.5 (E6.5±E9.5), both normal and deformed embryos were recovered (Fig. 2) and PCR analysis showed that all abnormal embryos were homozygous Arc mutants. These abnormal embryos were grossly retarded and signi®-cantly smaller than E6.5 wild-type or heterozygous embryos, suggesting that homozygous Arc mutant embryos did not develop beyond E6.5. Resorptions were observed starting from E7.5 and no homozygous embryos were recovered between E10.5 and E15.5. Instead, the number of resorptions were consistent with that expected according to Mendelian distribution.
Visceral endoderm disorganization and disruption of mesoderm formation in homozygous Arc null embryos
To characterize further the phenotype of Arc mutants, histological analysis was performed on serial sections of E5.5±E7.5 embryos obtained from heterozygous intercrosses (Fig. 3A±F ). Obvious abnormalities were already observed in E5.5 homozygous Arc mutants, the earliest stage analyzed (Fig. 3B ). In wild-type embryos, visceral endoderm was well developed, an elongated proximal-distal axis was evident, and the proamniotic cavity connecting the embryonic and extraembryonic regions had formed. In E5.5 homozygous Arc mutants, however, few visceral endoderm cells were present. These cells appeared fragmented and did not form a continuous layer. A small proamniotic cavity is visible in mutant embryos, indicating that cavity formation has initiated. Embryonic and extraembryonic regions also developed poorly and seemed to be separated into two independent entities (Fig. 3B ). These abnormalities became more evident at E6.5. Whereas wild-type E6.5 embryos showed well-organized ectoderm and visceral endoderm, and a developing mesoderm (Fig. 3C ), in homozygous mutants, only a few scattered visceral endoderm cells were visible, and mesoderm cells were not evident, indicating that either mesoderm development fails, or that, if mesoderm induction does begin it is highly dysgenic leading to the severe disruption of tissue development that we observe. In addition, embryonic and extraembryonic regions appeared to develop separately, each with its own proamniotic cavities (Fig. 3D) . Furthermore, at E7.5, while wildtype embryos were advanced in gastrulation, showing three H and 3 H external probes used for Southern blot analysis are indicated. Expected restriction fragments hybridizing to the probes used are shown for both wild-type allele and targeted-allele. Restriction sites: B, BamHI; Bg, BglII; H, HindIII; X, XhoI. (C) Southern blot analysis of genomic DNA from three litters derived from F1 heterozygous intercrosses using the 3 H external probe. The 8 kb fragment was derived from the wild-type allele, and the 5.5 kb fragment was derived from the Arc mutant allele. (D) Example of genotypes of progeny derived from heterozygous F2 intercrosses as determined by PCR. Genomic DNA from a litter of embryonic day 8.5 was used. Gross abnormalities of normal (abbreviated as N) and mutated (abbreviated as M) embryos can be distinguished at this stage. A mixture of four oligonucleotide PCR primers were used. For the Arc mutant allele, a pair of primers speci®c for Neo was used and the ampli®ed product of 608 bp was expected. For the wild-type allele, a pair of primers speci®c for the deleted part of Arc open reading frame after homologous recombination was used, and the ampli®ed product of 420 bp was expected.
well-de®ned germ layers (Fig. 3E) , some homozygous mutant embryos started to be resorbed. For those viable mutants, the extraembryonic tissue seemed to proliferate more rapidly in proportion to the embryonic tissue, while the embryonic proper remained reduced in size and became distorted. The embryonic and extraembryonic tissues still remained as two different entities and became ectopically located (Fig. 3F,G) . Careful examination on serial sections of the mutant embryo shown in Fig. 3F ,G revealed that what appeared to be an endoderm layer surrounding the embryonic ectoderm was actually a continuation of the extraembryonic ectoderm cells, which covered most of the embryonic region.
Arc is expressed ubiquitously during early embryogenesis
We analyzed the expression of Arc during early embryogenesis by whole±mount in situ hybridization. Embryos from C57BL/6 wild-type mice and from Arc heterozygous intercrosses were used for this purpose. No signal was detected when Arc sense probe was used in embryos from E6.5 to E8.5 ( Fig. 4A ; data not shown). Arc mRNA expression was observed ubiquitously in both embryonic and extraembryonic tissues from E6.5, the earliest stage used for whole-mount in situ hybridization, to E8.5, the head fold stage (Fig. 4B±F) . As a control, in situ hybridization was performed on wild-type embryos using an antisense probe for HNF3b to con®rm its previously identi®ed expression pattern (Ang et al., 1993) . Since this pattern was con®rmed ( Fig. 4G ; data not shown), we conclude that the widely distributed Arc in situ hybridization signal re¯ects a bona ®de widespread expression pattern in many cells throughout the embryo. As a further control, Arc homozygous mutants were also analyzed by in situ hybridization. No hybridization signal was observed in these mutants ( Fig. 4H ; data not shown).
Discussion
Essential role of Arc in early embryogenesis
Using a gene-targeting approach, we have generated Arc null mutant mice. Arc mutant embryos showed initial signs of growth retardation and defect of patterning as early as E5.5, and were grossly retarded and lacking proximal±distal polarity. Visceral endoderm appeared to be present but severely disorganized at E5.5. This defect became more evident at E6.5, with very little visceral endoderm visible, and extraembryonic and embryonic regions were comple- tely separated into different entities, each with its own proamniotic cavity. These structures also seemed to be located ectopically. At E7.5, extraembryonic tissue appeared to proliferate more rapidly when compared with the embryonic region. Finally, most mutant embryos did not develop further and started to be resorbed at E8.5. This phenotype bears striking similarities to those recently reported for mutations of other genes involved in TGF-b and BMP signaling, including Smad2, Smad4 and ActRIB Sirard et al., 1998; Gu et al., 1998) . For example, Smad2 mh1 homozygous mutants are also severely growth retarded starting from early egg cylinder stage and lack connection of the proamniotic cavity between extraembryonic and embryonic regions. Smad4 mutants show severe defects in visceral endoderm development (Sirard et al., 1998) . ActRIB mutants have disorganized epiblast and extraembryonic ectoderm and fail to form a normal embryonic egg cylinder, although they appear to form visceral endoderm and mesoderm (Gu et al., 1998) . Furthermore, like Smad2 and Smad4 Sirard et al., 1998) , Arc is ubiquitously expressed before and during gastrulation. These similarities suggest that like Smad2 and Smad4, Arc plays an important role in early embryogenesis. Fig. 3 . Total separation of embryonic and extraembryonic regions, and defective visceral ectoderm and mesoderm development in Arc homozygous mutant embryos. Sagittal sections of wild-type (A,C,E) and mutant (B,D,F,G) embryos were stained with hematoxylin±eosin. The embryonic ectoderm stains slightly darker than the extraembryonic ectoderm. (A) E5.5 wild-type embryo at early egg-cylinder stage. (B) E5.5 Arc mutant embryo; the extraembryonic and embryonic regions are separated, the embryonic region has lost its anterior-posterior and proximal±distal polarity, and the visceral endoderm is disorganized. (C) E6.5 wild-type late egg-cylinder stage embryo; both extraembryonic and embryonic regions are well organized and mesoderm tissue can be distinguished. (D) E6.5 Arc mutant embryo; both extraembryonic and embryonic regions are severely disorganized and separated into two independent identities, each with its own proamniotic cavity. Visceral endoderm is also severely disorganized and no sign of mesoderm can be observed. (E) E7.5 wild-type embryo; three germ layers are apparent. (F) E7.5 Arc mutant embryo; the extraembryonic region continues to proliferate in an unregulated fashion, while the embryonic region remains reduced and disorganized. (G) Higher magni®cation of the extraembryonic region shown in F. The cell layer surrounding the embryonic ectoderm is a continuation of the extraembryonic ectoderm, based on examination of serial sections. am, amnion; ee, embryonic ectoderm; exe, extraembryonic ectoderm; me, mesoderm; pe, parietal ectoderm; ve, visceral ectoderm. Scale bar 50 mm.
Essential role of signals from visceral endoderm for normal patterning of early embryos
Patterning during early embryogenesis is a complex process involving multiple interactions between neighboring tissues. Over the past few years, accumulating evidence, derived from both in vivo and in vitro studies, suggests that the visceral endoderm plays important roles in this patterning function and morphogenesis (Beddington and Robertson, 1998) . For example, visceral endoderm appears to regulate proper formation of the proamniotic cavity through a process involving programmed cell death (Coucouvanis and Martin, 1995) . Studies of gene expression patterns reveal that many genes, such as the VE-1 antigen (Rosenquist and Martin, 1995) , Otx2 (Acampora et al., 1995) , Lim1 (Belo et al., 1997) , goosecoid (Belo et al., 1997) , Hex (Thomas et al., 1998) , and cerberus-related 1 (Belo et al., 1997) , are expressed in anterior visceral endoderm hours before the initiation of gastrulation in the mouse embryo, suggesting that anterior patterning precedes gastrulation and originates in an extraembryonic lineage. These observations are further supported by a series of in vivo studies using gene-targeting approaches. For example, mutation of HNF-4 gene, a winged-helix transcription factor expressed in the visceral endoderm, results in extensive ectodermal cell death early in gastrulation (Chen et al., 1994) . Mutations in Smad2 Waldrip et al., 1998) and Smad4/ DPC4 (Sirard et al., 1998) , two intracellular proteins ubiquitously expressed during early embryogenesis that mediate the effects of signaling from extracellular TGF-b-related factors, lead to severe growth retardation and lack of embryonic mesoderm formation. The requirement of anterior visceral endoderm for normal anterior patterning has been suggested by phenotypes observed in mutations of genes such as Otx2 (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) , Lim 1 (Shawlot and Behringer, 1995) , HNF3 (Ang and Rossant, 1994; Filosa et al., 1997) and Nodal (Varlet et al., 1998) , and further con®rmed by experiments with chimeric embryos (Varlet et al., 1997; Rhinn et al., 1998) . These experiments clearly demonstrate that Nodal and Otx2 act primarily in visceral endoderm for normal anterior patterning. Finally, the traditional concept of the organizer as a sole source of signals that pattern the vertebrate body axis (Harland and Gerhart, 1997) has been seriously challenged, at least in the mouse, by a recent model which proposes that extraembryonically derived signals induce the conversion from the initial proximal±distal axis into the ®nal anterior±posterior axis (Beddington and Robertson, 1998; Thomas et al., 1998) . This is supported by analyzing the mutation phenotype of a newly discovered gene encoding a secreted protein, Cripto (Ding et al., 1998) .
Our analysis of Arc null mutants reveals that one major defect is in the visceral endoderm, which may lead to the failure of proper germ layer formation and lack of communication between embryonic and extraembryonic structures. This observation supports the hypothesis that signals derived from the visceral endoderm are essential for normal patterning of early embryos. It is not clear at this stage how Arc is involved in early embryogenesis, or how Arc is related to other signaling molecules that are important in early patterning. The property of Arc as an immediate-early gene and its response to growth factor and serum induction could be important for Arc to function as an intracellular signal transducer. Like Arc, two transcription factors known to be important in early embryogenesis, brachyury and goosecoid, can also be induced and present an immediateearly response upon induction during gastrulation (Smith et al., 1991; Blum et al., 1992) . The unique feature of Arc among these regulators of early embryo patterning is its involvement in cytoplasmic events rather than as a transcriptional regulator. In this regard its putative relationship with the actin cytoskeleton may be important. Understanding how Arc is involved in this early patterning process will undoubtedly help in understanding its functions later in the nervous system.
Materials and methods
Screening and genomic mapping of the Arc locus and DNA sequencing
A mouse Arc cDNA fragment, containing the whole open reading frame, was used to screen a mouse genomic library from the 129/Sv strain (Stratagene). Two independent positive phage clones were identi®ed and restriction mapped by ®rst digesting puri®ed phage DNA to completion with NotI, followed by a second partial digestion with several 6-base restriction enzymes. Digested DNA was blotted and hybridized with dig-labeled T3 and T7 oligonucleotides, as well as the Arc cDNA fragment used for screening the library, respectively. The accuracy of restriction sites was further con®rmed by restriction mapping of subcloned fragments in pBluescript vector or by DNA sequencing. DNA sequencing was carried out using the dRhodamine terminator cycle sequencing kit (Perkin Elmer) from both strands.
Construction of the target vector
A replacement-type gene targeting vector containing a thymidine kinase promoter-driven neomycin cassette and a CMV promoter-driven thymidine kinase cassette was kindly given by Dr. Pico Caroni (Arber et al., 1997) . A 3.6 kb BamHI fragment was cloned 5 H to the neo cassette, and a 3.5 kb BglII fragment was blunt-ended and inserted 3 H to the neo cassette and 5 H to the tk cassette. After homologous recombination, a 2.2 kb DNA fragment containing the 5 H upstream genomic DNA, 5 H untranslated region and 634 bp of the 5 H end coding sequence was replaced by the neo cassette in the targeted allele.
Generation of Arc mutants and genotyping by Southern blot analysis and PCR
The culture, electroporation and selection of E14 ES cells from 129/Sv mouse were carried out as described (Hogan et al., 1994) . The targeting vector was linearized by ClaI before transfection. Genomic DNA from ES cell colonies resistant to both G418 and gancyclovir were digested with XhoI and BamHI, respectively, and hybridized with the 5 H or 3 H external probes, which were genomic DNA fragments from outside the targeting vector indicated in Fig. 1B . Targeted ES cells were aggregated with morula from strain B6CF1 and reimplanted into pseudopregnant fosters as described (Hogan et al., 1994) .
After con®rming homologous recombination in ES cells and germline transmission of chimera by Southern blot analysis, PCR was used for subsequent genotyping using genomic DNA from either tail biopsies or yolk sac as template. To detect a 420 bp band present in the wild-type allele but deleted in the Arc mutant allele (Fig. 1A) , the following primers were used: sense strand, 5
H -CAAACC-CAATGTGATCCTGCAGAT-3 H ; antisense, 5 H -TCAGCT-TCCTGGCAGTAGGGCTCT-3 H . To detect the Arc mutant allele, a set of primers speci®c for Neo gene: sense strand, 5 H -GGGCGCCCGGTTCTTTTTGT-3 H ; antisense, 5 H -TG-CGAATCGGGAGCGGCGATA-3 H , were used to amplify a 608 bp neo fragment. All 4 oligonucleotides were used simultaneously in a PCR reaction.
Morphological and histological analysis
Embryos at various developmental stages were dissected, examined and photographed with a dissecting microscope linked to a Nikon Camera. The day of plug formation is de®ned as embyronic day 0.5. Afterwards, each individual embryo was genotyped by PCR as mentioned above and the data were compiled in Table 1 . For histology, embryos within the decidua were ®xed in Bouin's ®xative (Hogan et al., 1994) overnight at room temperature, dehydrated through an ethanol series, cleared in xylene and embedded in paraf®n. Sections (6 mm) were stained with hemotoxylin and eosin (Sigma), examined and photographed.
Whole-mount in situ hybridization
Embryos were collected and ®xed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight, rinsed in PBS plus 0.1% Tween-20 and stored at 2208C in methanol. Whole-mount in situ hybridization was performed as described previously (Wilkinson, 1992 ). An Arc riboprobe covering the entire open reading frame was used for in situ hybridization.
